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SYNOPSIS Loading tests on 865 mm diameter plates showed that the fractured chalk was much more 
compressible than at other sites on the same deposit but it was still cons"dered that slab founda-
tions would be adequate for the bridges at most locations. Detailed measurements have been made on 
one of the bridge abutment foundations both during and following construction. Measurements were 
made of vertical pressures applied to the ground, lateral earth pressures acting on the abutment wall, 
settlements of the foundation slab, tilt of the wall, and vertical displacements in the ground below 
the foundations. These observations confirmed the adequacy of slab type foundations for simple 
single span highway bridges founded on highly fractured chalk. Values of deformation moduli back 
analysed from the measurements on the bridge foundation were in reasonable agreement with the values 
obtained from loading tests on 865 mm diameter plates at the bridge site and the low values obtained 
at another local site. The values back analysed from the bridge measurements were however much 
lower than those determined from a large tank loading test and 865 mm diameter plate tests on the 
same grade of chalk in another part of the deposit. 
!NTRODUCTION 
The construction of a ring road around the t0wn 
of Luton (50 km NNW of central London, UK, see 
Figure 1), required the construction of anum-
ber of bridges founded in chalk. While the 
thick chalk deposits of this part of England are 
laterally very uniform in composition, there are 
variations in the macro fabric features due to 
previous loading, erosion, weathering, ice dis-
turbance and local instability. These macro-
fabric features include partially open and 
tightly closed joints at various spacings, shear 
features, and varying degrees of remoulding. All 
these fabric features make it very difficult to 
assess the large scale properties from either 
laboratory or small in-situ tests which are 
often made on partially disturbed and unrepre-
sentative volumes of chalk. Local correlations 
between deformation characteristics obtained 
from back analyses of monitored structures or 
large diameter in-situ loading tests and visual 
classification of the chalk macro fabric, such 
as those made on the same chalk deposit at 
Mundford (120 km NNE of London, see Figure 1), 
can provide a useful guide. However, during the 
preliminary site investigations for the new 
roads in the Luton area, it was found that the 
chalk at some locations was more shattered and 
that the discontinuities appeared to be more 
open than in similar grades at Mundford. In 
order to decide whether slab type foundations 
could be used instead of more expensive pile 
foundations at the locations where the chalk was 
more broken it was decided to carry out large 
in-situ plate loading tests (Marsland and 
Butcher 1983). These tests confirmed that the 
chalk was many times more compressible than 
that of similar grade chalk at Mundford. How-
ever, the ultimate bearing pressures obtained 
from these tests were still over four times the 
67 
maximum design pressure of ~DO kPa. Since pre-
vious experience from monitoring a bridge foun-
dation in another highly fractured soft rock 
(Marsland, Butcher and Taffs 1983) had shown 
that a large proportion of the settlement was 
built out during construction it was considered 
that slab foundations on the fractured chalk 







Figure 1. Map of South East England showing the 
location of the site and extent of 
the chalk. 
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Ia order to provide a check on the foundation 
... len pare.eter1 and additional data for future 
... ltD~ of foundations on broken soft rock, the 
opportunity VII taken to instrument one of the 
bridle foundetion1. This paper gives details 
of the lite, brid&e construction, and the 
~ntation of the bridge abutment. The 
reeultl of the .eaaurements obtained during and 
after construction are discussed . Comparisons 
are alto .. de of the deformation parameters back 
..al,.ad f~ the measurements on the bridge 
foaadatlon and the large in-situ tests. 
LOCATIO• OF BRIDGE AND GROUND CONDITIONS 
!lie llrldp b located approximately 1. 5 km south 
of Luton and 50 t. MNW of Central London. The 
~phy of the area is undulating and the 
~it-founded in chalk on ~ently slooin~ 
...... O¥erlooklna the river Lea. In this part 
of latland the chalk is divided into the Upper, 
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Mainly eroded 




































Fig. 2 . 
Brief description 
Structureless remoulded chalk 
containing lumps of intact chalk 
Rubbly partly-weathered chalk with 
bedding and jointin~. Joints 10-60 • 
apart, some open up to 20 mm and in-
filled with soft remoulded chalk and 
fragments. 
Rubbly to blocky unweathered chalk. 
Joints 60-200 mm apart, some open up 
to 3 mm and sometimes infilled with 
fragments. 
Blocky medium-hard chalk. Joints .ore 
than 200 mm apart and closed. 
As for Grade II but hard and brittle 
Visual Classification of Chalk 
(Ward, Burland and Gallois 1968) 
~~cro fab:ic of the Chalk in the side 
2 m t~elbr~dge . excavation between 1 and 
e ow ground level . 
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vertical and horizontal joints typically 30 - 60 
mm apart, often open 2 - 5 mm, and heavily 
stained as shown in Figure 2. Hammer impact 
also revealed more closely spaced tight joints 
with no evidence of staining. A band of brown 
sandy clay up to 40 mm thick inclined at about 
4° in the same direction as the slope of the 
ground towards the river Lea was found in .one of 
the pits at a depth of 2.3 m. The Chalk sur-
faces above and below this band are slickensided 
and striated. This represents a shear surface 
with the chalk having been translated bodily 
into its present position by either landslip or 
ice push in the Pleistocene period. From 2.3 
to 4 m depth the Chalk is medium soft with ver-
tical joints typically 60 - 100 mm apart and 
partly open to about 2 mm. These joints are 
sometimes filled with soft remoulded chalk. 
While the use of the Mundford correlation indi-
cated that a grade IV chalk should be adequate 
to allow the use of slab foundations the grade 
IV chalk at the bridge site seemed to be much 
looser than that observed at Mundford. This 
gave rise to some concern and it was not consi-
dered prudent to rely on the use of the corre-
lations obtained at Mundford which is about 
100 km N-E of the present site. In view of this 
it was decided to carry out a series of large 
in situ loading tests adjacent to the bridge. 
Both constant rate of penetration (CRP) andmain-
tained load (ML) loading tests on 865 mm dia 
plates were made in trenches at depths of 2. 0 and 
4.0 m. A maintained load test was also made on 
a1.71m dia pad at a depth of 2.5 m. These 
tests have been described in detail in Marsland 
and Butcher (1983) and the results of the ML 
tests are summarised in Table III. It will be 
observed that the secant shear moduli decreases 
from about 18 MPa for a maximum pressure of 
250 kPa to 9 MPa for a maximum pressure of 
660 kPa. These tests confirmed that the Chalk 
at the Bridge site is 5 - 20 times more com-
pressible than Chalk of similar grade at 
Mundford. The ultimate bearing pressures ranged 
from 1650 to 1800 kPa which was four times the 
maximum design pressures estimated by the Bridge 
Sac:ant Shear Plate 
Plate teat Preuura Modulus (G) prea1ure teat dia. depth ranse qat p • No . Firat .. m kPa load ins Reloading 0.15 B 
MPa MPa kPa 
40 - 250 18 76- 83 
2 865 2.0 40 - 440 15 84 - 95 1650 
40 - 660 8 78 - 86 
80 - 250 18 52 - 63 
4 865 4.0 80 - 440 13 72- 76 1800 
80 - 660 10 67 - 71 
50 - 220 59 75 - 79 
50 - 310 40 77 - 96 
5 1710 2. 5 not reac: bed 
so - 440 29 96 - 97 
so - 570 28 94 - 95 
Table III. ML Plate loading Test s from the 
bridge site (Marsland and Butcher 
1983). 
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engineers. In view of this and the indications 
that a large part of the settlement would be 
built out during construction, it was considered 
that slab fqundations would be adequate for this 
and other bridge foundations founded in similar 
chalk. 
DETAILS OF BRIDGE 
The bridge is one of several which form part of 
a new road network around Luton. At present it 
carries two 4.5 m wide carriageways but the 
design allows for it to be extended to take two 
7 m wide dual carriageways and a 2 m wide hard 
shoulder. An elevation and plan of t 'he bridge 
as presently constructed is shown in Figure 3. 
I , Skew span of 23,5m •I 
--- =-- --_-~~ 
108.2m ODN 
L 
Sectional alev1tion et YY 
y 
__ .... 
0 2 4 6 8 10 
Scale in metres 
Plen 
Figure 3. Elevation and Plan of the instrumented 
bridge. 
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· ts of a simply supported single span It cons~s 11 
· ~e~nforced concrete abutment wa s rest~ng on • ~ Th 
which are integrally cast on slab. bases. . e 
· t ted base is 1 L 1 shaped w~ th a ma~n sec-~ns rumen 'd d h 
· h · h ~s 2 6 2 m long, 8 . 5 m WJ. e an as a t~on w ~c ~ · . · · 
eneral thickness of 1. 5 m w~ tJ; a 1. 3 m ~~de, 
g1 d ep central key. The br~dge span ~s for-
m e ' · t d 1 T 1 b med of precast concrete ~nver e earns on 
which a reinforced concrete deck slab wc;-s cast. 
The approach road embankments a~e :ontaJ.n~d 
between wing walls. The bacJ:: f~ll~n~ aga~nst 
the abutment is a granula~ f~ll pass~n~ the 100 
mm sieve, with gradir;gs w~ thJ.n the l:1m~ ~s showr; 








'tl 50 :!. 




20 20 60 100 200 
Silt Gravel _.)__ Cobbles 
Figure 4. Envelope of grading curves for 
granular backfill. 
INSTRUMENTATION 
Provision was made to measure the settlement of 
the abutment, vertical movements in the ground 
beneath the foundation, bearing pressures be-
neath the foundation, earth pressures applied to 
the abutment by the approach embankments, and 
tilting of the abutment wall. The positions of 
the instruments are shown in Figure 5. Settle-
ments of the abutment were measured by precise 
levelling techniques from a deep datum (Cheney 
1973) on to settlement points cast into the 
base of the foundation. A Wild NA2 precision 
level with optical vernier and a 1. 8 m invar 
staff graduated in 10 mm increments capable of 
giving readings to within 0.01 mm were used. 
The overall accuracy of the settlement measure-
ments was 0.1 mm. Vertical displacements at 
different depths in the ground below the founda-
tion were obtained using magnet extensometers of 
the type developed by Marsland and Quarterman 
1974. A micrometer head reading to within 0.01 
mm was used to obtain relative vertical move-
ments to an accuracy of 0.05 mm. The extenso-
meters were installed in the ground below the 
founding level prior to excavation for the 
foundation and extended as required during con-
struction. 
Bearing pressures applied to the ground by the 
foundation were measured by a large specially 
built pressure cell similar to that previously 
used below a bridge foundation on Keuper Marl 
(Marsland, Butcher and Taffs 1983). The 
pressure cell used on the present bridge was 
70 
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8. 5 m long by 1 m wide and was divided into 5 
pads along its length as shown in Figure 6. T: 
loads acting on each pad were measured by four 
strain gauged load cells, each of which could 
measure with an accuracy of ± 2 kN to a max:irnu1 
capacity of 2 50 kN. Each load cell had two col 
pletely independent strain gauge bridge circui· 
as an insurance against possible failure durinl 
the long term measurements. Provision was rnadt 
in the design of the pressure cell to allow tht 
zeros of individual load cells to be checked :i1 
situ at any time. This could be achieved by 
operating an hydraulic jack located in the outt 
guide channel of the load cell as shown in Fig\ 
7. The lower steel plates of each pad were 
stiffened by vertical steel webs infilled w:i th 
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Reinforced concrete foundation base 
I 
Sectional elevation at x2x2 ·I 
f--• ---------8.5m------------l 
~~ 0 2 
Numbered load cells 
/ j 
""' \/ 2 '"· ·~~ 4 5 6 7 8 9 10 0 0 0 0 0 0 0 0 0 
Pad A Pad B PadC Pad D Pad E 
20 19 18 17 16 15 14 13 12 11 rr---+-- e - ,.... - e - ,.... - ,... - e e - e - e --rt 
Plan at X1X1 
Figure 6. Pressure cell: Arrangement of Pressure pads and Load Cells. 
0 100 200 300 
Scale in mm 
Figure 7. Detailed cross section of Pressure-
cell. 
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concrete. A central concrete plinth was cast on 
the lower steel plates to act as a spacer for a 
series of flat hydraulic jacks which could have 
been used as a crude measuring system in the 
event of failure of the load cells. These flat 
jacks will also be used to take the load off all 
the load cells to facilitate their removal for 
recalibration and future use. The pressure cell 
was installed in a slot cast in the site con-
crete. Open joints were formed in the lower 
part of the site concrete to coincide with the 
joints between the pressure pads and to isolate 
the pads from the rest of the foundation base. 
These open joints were filled with a soft bento-
nite paste which was carried through a thin layer 
of cement-pulverised fuel ash mortar used to bed 
down the pressure cell. After lowering the 
pressure cell into place the space between the 
cell and the site concrete was also filled with 
bentonite paste and finally sealed with a mastic 
compound. The clamping bolts and the strong 
back were removed and the load cells zeroed just 
prior to casting the base concrete directly over 
the top of the pressure cell. A view of the 
pressure cell in position in the base is shown in 
Figure 8 (strong back used for lifting still in 
place). 
Values of the lateral earth pressures acting on 
the abutment walls were obtained from measure-
ments on 138 and 305 mm diameter earth pressure 
cells. The 138 mm diameter cells were designed 
by the Transport and Road Research Laboratory 
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lldtfill complllo IIIII dodl 
...... lnpaeitlan 
Figure 10. Stages of Construction with measured 
pressures in kPa. 
The maximum value of the measured lateral earth 
pressures due to the fill acting on the back of 
the abutment wall are given in Figure 12. There 
is a very large scatter in the values obtained 
from the small earth pressure cells used to 
measure the pressures on this wall. Comparisons 
have been made between pressures measured on the 
same types of small pressure cells and on a 
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Depth below Settlement 
base of each 































+ ~easurements made with ta~e to an accuracy of 
± 1 mm. 
* Possible errors due to extending instruments 
durin~ construction. 
Table V. Measured sub surface settlements. 
pressure cell,have been made on another bridge in 
the area (Butcher and Marsland 1984). These 
showed that the upper bound values obtained from 
measurements on 305 mm diameter cells were rea-
sonably close to the large scale values obtained 
from the large vertical pressure cell. In view 
of this it is considered that the solid line 
shown in Figure 12 is a reasonable representation 
of the pressures acting on the wall and that the 
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llridge ord emblnkment 
complete 
Figure 10 . Stages of Construction with measured 
pressures in kPa . 
The maximum value of the measured lateral earth 
pressures due to the fill acting on the back of 
the abutment wall are given in Figure 12. There 
is a very large scatter in the values obtained 
from the small earth pressure cells used to 
measure the pressures on this wall. Comparisons 
have been made between pressures measured on the 
same types of small pressure cells and on a 
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Depth below Settlement 
base of each 
m Magnet mm 
0 3 . 84 
3 . 418 3.09 
5.518 3.22 




6.351 1. 96 
9. 704 1.67 
12.375 1.48 
13 . 513 1.35 
0 3.16 
2 . 582 2.13 





0 4 t * 





0 8 t * 





t Measurements made with tape to an accuracy of 
± 1 mm . 
* Possible errors due to extending instruments 
durin~ construction . 
Table V. Measured sub surface settlements . 
pressure cell, have been made on another bridge in 
the area (Butcher and Marsland 1984) . These 
showed that the upper bound values o~tained from 
measurements on 305 mm diameter cells were rea-
sonably close to the large scale values obtained 
from the large vertical pressure ce11 . In view 
of this it is considered that the solid line 
shown in Figure 12 is a reasonable representation 
of the pressures acting on the wall and that the 
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Pad 2 
..----- Pad 1 
'------- Pad 5 
6 8 10 12 2 4 6 8 10 
1981 1982 
4 5 6 
Construction events 
Figur e 11. Average pres s ures measur ed on 
pressure pads of base l oad cel l . 
low val ues measured on some of the smal l cells 
are a result of arching in the granular fill . 
The inclinometer readings showed that the top of 
the wall tilted towards the opposite abutment by 
about 2 mm r el at i ve t o the base of the wall. 
LIVE LOADI NG 
A special test vehicle of 920 kN gross trai n 
weight with maximum axle loadings of 150 kN was 
traversed across the bridge at a speed of about 
4. 3 km/hr . The special t est vehicl e is at least 
one third of the actual des i gn l ive l oadi ng f or 
the bridge. The average pressure i ncrease mea-
sur ed on t he base was 3 kPa when t he vehicle was 
in the most critical position on the bridge . A 
ful ler descripti on of similar live loading tests 
on a bridge abutment founded on Keuper Marl 
which gave similar result s i s given in Marsland, 
Butcher and Taffs 1983. 
MODULI DETERMINED FROM BACK ANALYSI S OF MEASURE-
MENTS ON ABUTMENT 
Values of t he shear modulus (G) have been obtai-
ned by back anal ysis using the changes in the 
measured pressures acting on the foundation base 
and th7 corresponding r elative displacement mea-
sured 1n the ground below the foundation . The 
s t rai ns i n an element below a unifor m str ip load 
on an isotropic el a stic material can be obtained 







































o 138mm dia . cells 
• 305mm dia. cells 
\ 
0 
Design ' rule 
of thumb' 
5 x H kPa 













Late ral earth pressure cell readings kPa 
60 70 
Lat er a l e ar t h pr es s ures meas ured a t 
the end of constr uct ion. 
using the following re l ationships 
1 [ax (ay + a )] (1) e:x = E - \) z 
= 
1 [ay - \) (ax + a )] (2) E: E y z 
= 
1 [a - 'V (a + a )] ( 3) e:z 
"E z X y 
Where oz = stress and 
e: z = strain in vertical direction 
ox = s t res s and 
e:x = strain in hori zont al direction 
across the strip 
oy = stress and 
e:y strain in horizontal direction 
parall e l t o t h e strip 
\) = Poisson 's rat io 
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G = E (5) 2(1 + v) 
Combining equations (1) to (5) gives 
[az (1 - v) - v a~ 
(6) G = 2 Ez 
The stresses az and ax were obtained at points 
along the vert1cal profiles containing the sub-
surface measurement points using the solutions 
for uniform infinitely long strip loading given 
in Poulos and Davis 1974. For this purpose the 
line of the base load cell was taken - as a sec-
tion through a series of five adjacent infinite-
ly long uniformly loaded strips. The pressures 
on each of the strips was taken as being equal 
to the changes in pressure measured on the pads 
of the foundation pressure cell. The stresses 
due to the complete foundation were obtained by 
summing the effects of the individual strips and 
the mean values between the measuring points 
were used in the back analyses. Since the 
settlement observations showed that most of the 
settlement occurred during construction a v = 
0.25 corresponding to the fully drained condi-
tion was used to obtain the values of G from 
equation (6). These values of G are plotted in 
Figure 13 together with those determined from 
the large plate loading tests at the bridge site 
(Site A) (Marsland and Butcher 1983) and at 
another site inthe Luton area (Site B) (Marsland 
and Powell 1981). Values of v = 0.25 and 0.5 
we~e used in estimating the values of G from the 
maintained load and the constant rate of pene-
tration plate loading tests respectively. 
It will be seen that the values back analysed 
from the measurements on the bridge are in rea-
sonable agreement with those obtained from the 
plate tests at the bridge site and the lower 
bound values from Site B. 
CONCLUSIONS 
The investigations described in this paper have 
shown: 
1. The compressibility of broken chalk with the 
same visual gradings and from the same depo-
sit can vary by an order of magnitude. 
These variations are mainly due to the 
differing degrees to which the partially 
closed discontinuities are open. At present 
there is no satisfactory means of quantify-
ing this aspect. Caution is therefore re-
quired in predicting the engineering beha-
viour of chalk at a site using visual des-
criptions and correlations obtained between 
visual descriptions and large scale beha~ 
viour obtained at other sites in the same 
deposit. 
2 . The measurements on the bridge abutment 
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Descriptive gradings 
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site ·a· 
! I IV IV 
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• Back analysed from bridge behaviour 
o Plate test valuee (Pvo-400kPal site 'A' 
.. Plate test valuee (Pvo -400kPal site ' 8' 
Figure 13. Comparison of Shear Moduli back 
analysed from displacements under 
the foundation and from large in-
situ plate tests. 
adequate for foundations on highly fractured 
chalk which exert bearing pressures up to 
about 400 kPa. Evidence from large plate 
loading tests indicate that much greater 
settlements may occur at higher pressures due 
to crushin~ of the chalk at contact points 
along part1ally open discontinuities. 
3. Compressibilities of the chalk obtained from 
back analyses of the measurements made on 
4. 
the bridge foundation were in reasonable 
agreement with those obtained from loading 
t7sts on 865 mm diameter plates at the bridge 
s1te. They were however near the lower bound 
values obtained from plate tests made at 
another site in the area. 
Interpretation of earth pressures measured 
small pressure cells is difficult and more 




The work described in this paper has been carried 
ou~ a~ part of the research programme of the 
Bu1ld1ng Research Establishment (BRE) of the 
Depa:tment of the.En~ironment and this Paper is 
publ1shed by perm1ss1on of the Director. 
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